Abstract The Merensky Reef of the Bushveld Complex consists of two chromitite layers separated by coarsegrained melanorite. Microstructural analysis of the chromitite layers using electron backscatter diffraction analysis (EBSD), high-resolution X-ray microtomography and crystal size distribution analyses distinguished two populations of chromite crystals: fine-grained idiomorphic and large silicate inclusion-bearing crystals. The lower chromitite layer contains both populations, whereas the upper contains only fine idiomorphic grains. Most of the inclusion-bearing chromites have characteristic amoeboidal shapes that have been previously explained as products of sintering of pre-existing smaller idiomorphic crystals. Two possible mechanisms have been proposed for sintering of chromite crystals: (1) amalgamation of a cluster of grains with the same original crystallographic orientation; and (2) sintering of randomly orientated crystals followed by annealing into a single grain. The EBSD data show no evidence for clusters of similarly oriented grains among the idiomorphic population, nor for earlier presence of idiomorphic subgrains spatially related to inclusions, and therefore are evidence against both of the proposed sintering mechanisms. Electron backscatter diffraction analysis maps show deformation-related misorientations and curved subgrain boundaries within the large, amoeboidal crystals, and absence of such features in the fine-grained population. Microstructures observed in the lower chromitite layer are interpreted as the result of deformation during compaction of the orthocumulate layers, and constitute evidence for the formation of the amoeboid morphologies at an early stage of consolidation. An alternative model is proposed whereby silicate inclusions are incorporated during maturation and recrystallisation of initially dendritic chromite crystals, formed as a result of supercooling during emplacement of the lower chromite layer against cooler anorthosite during the magma influx that formed the Merensky Reef. The upper chromite layer formed from a subsequent magma influx, and hence lacked a mechanism to form dendritic chromite. This accounts for the difference between the two layers.
Introduction
The Merensky Reef of the Bushveld Complex ( Fig. 1) is one of the most studied bodies of igneous rock in the world, and yet still one of the most enigmatic. (Naldrett et al. 2009a (Naldrett et al. , 2011b . Among the less understood features of this predominantly melanoritic layer is the presence of very thin but extraordinarily extensive chromitite layers that carry a high proportion of the platinum group elements (PGEs) in the Reef. Understanding these chromitite layers is the key to understanding the PGE concentrations and to unravelling the petrogenesis of the Reef as a whole.
The Merensky Reef for most of its strike length comprises a lower chromitite layer 0.7-1 cm in thickness, a coarse-grained melanorite (CGM; *10 cm in thickness), an upper chromitite * 1 cm in thickness and an overlying melanorite (Fig. 1c) , the whole package being underlain by anorthosite (Ballhaus and Sylvester 2000; Barnes and Maier 2002; Cawthorn and Boerst 2006; Eales and Reynolds 1986; Elhaddad 1996; Maier and Bowen 1996; Naldrett et al. 1986 Naldrett et al. , 2009b Naldrett et al. , 2011b Nicholson and Mathez 1991) . This study is a detailed comparative study of the lower and upper chromitite layers.
The lower chromitite layer contains a population of unusual ''amoeboidal'' chromite grains characterised by reentrant morphologies and abundant polymineralic silicate inclusions. Silicate inclusions in chromite crystals are very common in geological settings such as layered intrusions (Irvine 1975; Spandler et al. 2005 ) and ophiolite complexes (Greenbaum 1977; Peters and Kramers 1974; Talkington et al. 1983) , and the origin of such inclusions has been debated for more than 50 years (Ballhaus and Stumpfl 1986; Barnes and Maier 2002; Cameron 1978; Hulbert and Von Gruenewaldt 1985; Li et al. 2005; McDonald 1965 ). In the Merensky Reef, the inclusions consist mainly of polymineralic aggregates of Na-phlogopite and orthopyroxene, with minor hornblende, K-phlogopite, oligoclase and quartz (Ballhaus and Stumpfl 1986; Li et al. 2005; Spandler et al. 2005 ) and have been attributed to the involvement of a fluid phase during solidification of the Merensky Reef (Ballhaus and Stumpfl 1986; Li et al. 2005; Mathez et al. 1994) . The mechanism of inclusion entrapment of these inclusions has been attributed to a process of amalgamation (referred to as sintering) of multiple finegrained idiomorphic chromite crystals into larger single chromite crystals with incorporation of highly differentiated trapped intercumulus liquid (Hulbert and Von Gruenewaldt 1985) .
The aim of this study is to expand the knowledge of chromite textures, crystallographic orientation, grain morphology, composition and intra-grain microstructures within the Merensky Reef chromitites. New microstructural data (by electron backscatter diffraction analysis) are combined with 2D and 3D quantitative petrography (crystal size distribution and high-resolution X-ray computed tomography) and microprobe data on chromite crystals. Results are synthesised to address the problem of how two compositionally similar layers ten to twenty centimetre apart, within a thick body of slowly cooled cumulates, came to have striking textural differences; specifically, why silicate melt inclusions and amoeboidal crystal morphologies are abundant in the lower layer but absent in the upper. Our findings have broader implications for the petrogenesis of the Reef as a whole. Gruenewaldt et al. , 1989 . b Simplified stratigraphy of the Bushveld Complex according to (Eales and Cawthorn 1996) . c Sketch of the Merensky Reef slab from which the samples were drilled that comprise whole Merensky Reef stratigraphy
Methodologies

2D and 3D Image analyses
Chromite crystals were manually segmented and separated from reflected light digital photomicrograph mosaics of whole thin sections to create binary images, which were processed using ImageJ 1.43u software to measure length, width, area and equivalent circle diameter (ECD) for each crystal. Crystal solidity (see electronic appendix) was calculated separately in MatLab. Crystal size distribution of chromites was calculated using an updated version of CSDToolBox software (Ricard et al. 2012) . Methodology for the high-resolution X-ray computed tomography is given by Godel et al. (2010) .
Electron backscatter diffraction analysis (EBSD)
Electron backscatter diffraction data were collected by using a Zeiss Evo 40XVP SEM at Curtin University of Technology (Perth, Western Australia). All EBSD data have been processed using Oxford Instruments software package CHANNEL 5 software (for more details see electronic appendix and supplementary Table 1 ). The typical precision for EBSD lattice orientation analysis on this instrument is less than 0.5°. Samples were prepared according to usual EBSD protocols (Prior et al. 1999; Reddy et al. 2007) . Two samples that contain accessory sulphide phases were further polished using a broad ion beam polisher, resulting in pronounced ridges at the edges of the chromite grains causing apparent changes in the crystal lattice of up to 2°(later referred to as an edge effect).
Data were processed to create inverse pole figure and pole figure maps showing the crystallographic orientation of the analysed grains, and texture component maps showing relative differences in within-grain lattice orientation (Wheeler et al. 2003) . Grain size maps, where grains are colour coded by size, were used to evaluate grain-sizedependent crystallographic preferred orientation (CPO). Crystallographic orientation data were plotted on stereograms using lower-hemisphere equal-area projections. Analyses of misorientation angle data relative to theoretical distributions of random cubic grains were undertaken to assess the extent of any crystallographic preferred orientation within the samples. The minimum misorientation angle (Wheeler et al. 2001) was calculated between 1000 randomly selected diffraction patterns.
Mineral chemistry analyses
Major element concentration analyses were performed at the Centre for Microscopy, Characterisation and Analysis at the University of Western Australia (Perth, Western Australia), on a JEOL 85390F electron microprobe using 15 kV accelerating voltage and 20 nA beam current. We used a chromite standard for the chromium, aluminium and iron, pure metals for nickel and vanadium, rutile for titanium, periclase for magnesium and manganotantalite for manganese. A Zeiss Ultraplus Field Emission SEM at the Australian Resources Research Centre (CSIRO, Kensington, Western Australia) was used for elemental mapping and imaging under operating conditions of 20 kV accelerating voltage and 5 nA beam current.
Petrography
The samples studied here are polished sections of ''normal'' Merensky Reef (normal reef refers to reef with two chromitite layers 15-30 cm apart (Naldrett et al. 2009b) ) from the Rustenburg Platinum Mine (western limb of the Bushveld Complex, Fig. 1a, b) . The same polished sections have been studied in detail by Godel et al. (2006 Godel et al. ( , 2007 Godel et al. ( , 2010 .
Lower chromitite layer
The contact between the lower chromitite layer and the underlying anorthosite is irregular at the centimetre scale Godel et al. 2006 ); (Fig. 2a) . The anorthosite is composed mostly of plagioclase with minor poikilitic orthopyroxene and trace sulphide minerals (Godel et al. 2006) . Plagioclase (up to 2 mm) shows a layer-parallel lamination and characteristic wedge-shaped (deformation) twins.
The lower chromitite is around 1 cm thick and contains two morphologically distinct groups of chromite grains (Fig. 2a) . The larger chromite crystals (*2 mm) show ''amoeboidal'' morphologies and frequently contain spherical silicate inclusions (Fig. 2b) and tubular embayments. High-resolution X-ray computed tomography (Fig. 3a, b ) reveals that most of the inclusions are spherical and negative-crystal octahedral aggregates. However, tubular embayments extending to the grain margins are also present and may appear to be fully enclosed inclusions in two-dimensional sections (Fig. 3a) . The silicate inclusions commonly occur in 3D as clusters within individual amoeboidal grains (Fig. 3b) . Scanning electron microscopy analysis indicates these inclusions are composed mainly of polymineralic aggregates of orthopyroxene, clinopyroxene, biotite, phlogopite, apatite and rutile. Individual crystals may contain more than fifty separate inclusions randomly distributed within the crystal (Fig. 3b) . The second population of chromites shows idiomorphic octahedral shapes (Fig. 2a) . These octahedral crystals are much finer (\500 lm) than the amoeboidal crystals and are entirely devoid of silicate inclusions. The dominant interstitial phases are plagioclase (39 % by volume) and orthopyroxene (10 %). Base-metal sulphides consisting of intergrowth of pyrrhotite (Fe 1-x S), pentlandite ((Fe, Ni) 9 S 8 and chalcopyrite FeCuS 2 ) are present as minor components (1 %). The sulphides occur either as an interstitial phase between chromite and silicate grains or more rarely as inclusions within chromites or silicates.
Upper chromitite layer
The upper chromitite layer has irregular planar upper and lower boundaries Barnes 2006, 2008) . The layer comprises *55 % by volume chromite, *23 % orthopyroxene, *22 % plagioclase and *1 % of sulphide phases. The finer-grained chromite crystals (from 100 up to 400 lm) are almost exclusively idiomorphic (Figs. 2d, e, 3c) and do not contain silicate or sulphide inclusions (Fig. 2e) . They are mostly ''immersed'' in plagioclase, with limited number of chromite crystals occurring along the orthopyroxene grain boundaries (Godel et al. 2006) . As in the coarse-grained melanorite that separates the two chromitite layers, plagioclase shows deformation twins (Fig. 2f) .
Results
Crystal size distribution of chromite
Crystal size distribution analysis was introduced to the study of igneous rocks by Marsh and others and provides information on growth rate and nucleation mechanisms (Higgins 2000; Marsh 1988) . A total of 746 crystals and 2953 crystals were measured within the lower and upper chromitite layers, respectively (Fig. 4a, c) . The crystal size distribution curve of chromite from the lower chromitite layer is concave ( Fig. 4b ) for the fine grain chromite crystals (up to 500 lm ECD) and then flattens to become linear for larger chromite crystal size. In contrast, the CSD curve from the upper chromitite is slightly concave (Fig. 4d) , reflecting a deficiency of crystals in the range 50-100 lm ECD. The crystal size distribution curve is almost perfectly linear with relatively steep slope ( Fig. 4d ) at larger crystal sizes.
Orientation analysis
Orientations of chromite grains in the two layers were investigated using EBSD to enable testing of alternative models for formation of inclusion-rich and amoeboid crystals. EBSD is the only technique that allows this kind of information to be determined on cubic minerals.
Lower chromitite
The inverse pole figure (IPF) orientation map of chromite grains from the lower chromitite indicates no consistent grain orientation (Fig. 5a ). This is confirmed by the inverse pole figures that show crystal orientations with respect to the specimen XYZ coordinate framework ( Fig. 5c ) and the distribution of misorientation angles relative to the theoretical distribution of random cubic grains ( Fig. 5d) . A small peak at \5°misorientation angle indicates a slight increase in low-angle misorientation angles above random (see below). However, the orientation data from the lower chromitite indicate that chromite grains have a random orientation. The grain size map ( Fig. 5b ) confirms the grain size distribution and shape types identified petrographically (Fig. 2) . Inverse pole figures, coloured for grain size ( Fig. 5d ), indicate that there is no relationship between grain size and grain orientation. Similar maps looking at grain shape, for example, the long axes of ellipses fitted to the grains (not reproduced here), also fail to show any correlation between shape and crystallographic preferred orientation. There is no evidence of local clustering of orientations, that is, adjacent or touching grains having the same orientations.
Upper chromitite
Chromite grains from the upper chromitite show a range of orientations (Fig. 6a) , with no consistent orientation in the IPF plot (Fig. 6c) . Misorientation angles show a perfect (Fig. 6d) . In contrast to the data from the lower chromitite sample, there is no peak above the theoretical random distribution fit in the low-angle misorientation angle data. The chromites in the upper chromitite show an entirely random distribution of grain orientations.
Intragrain microstructure of chromite grains
Lower chromitite
Within the lower chromitite, the large allotriomorphic, ''amoeboidal'' chromites, which are embayed and contain abundant inclusions, show significant intragrain lattice variations (Fig. 7a) . Electron backscatter diffraction data show that amoeboidal chromites are single crystals with intragrain distortions ranging up to 12°of misorientation (Fig. 7a, b) . These variations are seen as both gradual, progressive changes across significant areas of the grain and discrete low-angle boundaries. Low-angle boundaries (\10°) are commonly localised in the areas of grains between embayments and inclusions (Fig. 7a) . Most of the low-angle subgrain boundaries (up to 5°) are curved, whereas straight subgrain boundaries are less common and usually are at slightly higher angles ([7°). A small peak at around 5°in the misorientation angle distribution histogram corresponds to these low-angle subgrain boundaries (Figs. 5d, 7a ). In contrast, the smaller idiomorphic chromite grains show little internal lattice variations and no development of subgrain boundaries (Fig. 7c) . Small misorientations (\2°) localised at grain edges show no systematic orientation characteristics and are likely to be due to edge effects and polishing artefacts.
Grain 6 on Fig. 7c belongs to the class of larger grains, exceeding 500 lm in size but with relatively idiomorphic shape. This grain shows very mild misorientation of only 1-2°disorientated relative to its neighbouring pixel.
Upper chromitite
The small octahedral grains in the upper chromitite show maximum internal misorientation of 2° (Fig. 8a) . Regions of slightly stronger internal misorientation (Fig. 8a , grains 1-2) are artefacts caused by the broad ion beam polishing. Grains 3 and 4 have been polished only with colloidal silica and do not show edge effects. Despite the edge effect, chromites from upper chromitite layer do not show evidence for intragrain lattice distortion and no significant subgrain structure is apparent in this population of grains (Fig. 8a) . Chromite in the upper chromitite layer often forms clusters of crystals or a crystal chains (Fig. 8b) . Analyses of crystal aggregate in one such structure (Fig. 8b) indicate that the ''host'' (light green) grain is differently oriented with respect to each of the adjacent grains (Fig. 8b) and there is no systematic orientation relationship between the host grain and its immediate neighbours (Fig. 8c) .
Chromite compositions
In the lower chromitite layer, both idiomorphic and amoeboidal chromites show relatively homogenous compositions and little detectable chemical zonation from cores to rims of the crystal (Table 1; Fig. 9 ). Unlike results from Li et al. (2005) , our data show no systematic distinction between inclusion-bearing chromites and inclusion-free grains (Fig. 9) Fig. 9 ). Opposite from Mg, lower chromitite crystals show lower values of Cr number, Ti and Fe than the crystals from the upper chromitite later.
Major and trace elemental mapping was carried out on one of the large amoeboidal grains from the lower chromitite. Chromium, Fe, Al, Ni, and V are homogenously distributed within the chromite crystals. In contrast, Ti (110) and (111), are presented on a single pole figure plot. c EBSD maps showing lattice distortion within chromite crystals (grains 4-6). Maximum misorientation angle for grains for grains 4-6 is 5°. The red lines represent subgrain boundaries larger than 1°. Grains from 1 to 3 are large amoeboidal crystals, whereas grains from 4 to 6 are characterised with idiomorphic shape concentrations within the crystals (Fig. 10) vary and correspond to fine TiO 2 (rutile) exsolution, present throughout the whole chromite crystal (Fig. 10d) . Rutile exsolution lamellae are present in both core and rim of both idiomorphic and amoeboidal chromite crystals.
Chromite crystals from the upper chromitite layer have relatively homogenous major and trace element concentration (Fig. 11b, c) . Fewer TiO 2 exsolution lamellae are observed within these grains (Fig. 11c) . They have very fine needle-like shape and occur either at chromite crystal boundaries (Fig. 11c) or at dispersed throughout host grains (Fig. 11d) .
Quantification of morphology and accumulated mean deformation in the chromite crystals
Chromite crystal morphology is defined by its size and its solidity (area divided by convex hull area using a MatLab code). A solidity value of 1 indicates the crystal has a convex (circular) shape, whereas decreasing further away from 1, the shape shows more concave borders. Amoeboidal grains have lower solidity values (\0.9), whereas idiomorphic grains have solidity closer to 1. Crystal morphology is compared to the amount of deformation within individual crystals, as measured by the average misorientation, determined from the EBSD data. High average misorientations imply high degrees of internal deformation.
Apart from the data cluster with high solidity values (0.8-1), the mean misorientation data and the size data show a weak positive trend. Most of the crystals having lower values of solidity (i.e. the more irregularly shaped grains) show larger mean misorientation and also tend to be larger (Fig. 12) . Deviation from the linear relationship between mean misorientation and size can be due to a stereological effect and is largely due to the fact that not all large crystals are deformed. Solidity (denoted by the colour of symbols on Fig. 12a ) can be used to discriminate between amoeboidal and octahedral grains.
In the case of the upper chromitite layer, the mean misorientation-size-solidity graph (Fig. 12b) shows no clear trend. The majority of the grains record less than 1°of mean misorientation and are significantly smaller, more regular and less deformed than the chromites from the lower chromitite layer. The few grains that show low values for solidity (\0.7) have very low mean misorientation values. In the upper as well as in the lower chromitite layers, two grains show anomalous results with high mean misorientation and small size and solidity.
Both lower and upper chromitite layers have overlapping populations of small undeformed chromite crystals. These similar grains are very small in size 
Discussion
Genetic models for the Merensky Reef need to explain some significant differences in the morphology, microstructure and chemistry of chromite between the upper and lower chromitite layers, as documented in this study and summarised as follows (1) The two chromite layers have markedly different populations in terms of crystal size and shape. The lower chromitite layer has a population of large, inclusion-bearing amoeboidal grains absent from the upper layer. This contributes to a complex crystal size distribution in the lower layer, with multiple changes in slope of the CSD curve. In contrast, the CSD curve of the chromites in the upper chromitite layer is almost perfectly linear and with very steep slope, indicating steady-state crystallisation (Marsh 1988 ). (2) Polymineralic hydrous silicate inclusions are almost entirely restricted to the amoeboid grains, which are also characterised by tubular re-entrant features in their 3D morphologies (Fig. 3a) . (3) No evidence of crystallographic preferred orientation and shape preferred orientation is seen in either chromitite layer. Chromite crystals that are part of crystal aggregates show different crystallographic orientation than their direct neighbours (Fig. 8) . (4) EBSD mapping shows that substantial internal deformation is restricted to the large amoeboidal grains (Figs. 7, 12 ). Such microstructures are formed by a dislocation creep mechanism (Passchier and Trouw 2005) , which is characteristic of temperatures above 1,000°C on the basis of experimental data (Cordier 2002; Karato et al. 1998 ). This observation indicates that the amoeboidal grains attained their present morphologies before or during deformation of the Fig. 9 Compositional variations for the chromite grains from both lower and upper chromitite layer. Comparative data from (Li et al. 2005) and .
Values from (Li et al. 2005 Fig. 9 ).
The differences between the two layers have to be interpreted in the context of the two chromite layers occurring a few tens of cm apart, within a thickness of several km of slowly cooled cumulates. Their postcumulus cooling histories are likely to have been identical. These observations place useful constraints on the relative timing of crystallisation, grain size modification, inclusion entrapment and deformation of the crystal pile.
Implications for the magmatic evolution of Merensky Reef
A variety of explanations has been proposed for inclusion entrapment in chromite crystals (Ballhaus and Stumpfl 1986; Barnes and Maier 2002; Cameron 1978; Hulbert and Von Gruenewaldt 1985; Li et al. 2005; McDonald 1965 ). We here consider two alternative hypotheses and evaluate them in the light of the data presented in this study: firstly, a ''sintering'' model involving amalgamation of multiple grains; and secondly, a model involving textural evolution of originally dendritic crystals. The widely accepted model of Hulbert and Von Gruenewaldt (1985) suggests that amalgamation of different grains occurred along the triple junctions due to the high local stresses in presence of reactive liquid. During this process, silicate melt is entrapped at the original contact points. The end result could be either an aggregate of grains in different orientation having the external appearance of a single crystal (Fig. 13a) or an actual single crystal (Fig. 13b) . The EBSD data on the amoeboid grains clearly rule out the former option (Fig. 7) , but the latter option requires consideration in the light of the EBSD data set as a whole. There are two possible mechanisms by which single crystals could form from sintering of multiple grains. The first requires amalgamation of a cluster of grains with the same original orientation, possibly developed in the first place as a result of epitaxial self-nucleation (i.e. nucleation of new crystals on older ones in the same orientation). This mechanism is counter to the evidence from the EBSD data (Figs. 5, 7) . Random orientation of the small idiomorphic population in both layers and the absence of systematic misorientation axes in the chromite aggregates from the upper chromitite layer indicate that epitaxial self-nucleation did not occur in either of the two chromitite layers (Figs. 5, 6, 7, 8) .
If the ''sintered'' grains were not originally in the same orientation, an annealing process needs to be considered, whereby differently oriented crystals recrystallised into a single grain (Fig. 13b) . Annealing, also referred to as grain boundary migration recrystallisation, is one of the processes characteristic of recovery of the crystal structure (Passchier and Trouw 2005) . At relatively high temperature, grain boundary mobility increases to an extent that grain boundaries can sweep through the entire crystal and remove the dislocations and subgrain boundaries in the crystal (Passchier and Trouw 2005) . In the model proposed by Hulbert and Von Gruenewaldt (1985) , the annealing process would have to follow the sintering, to account for the observation that inclusion-bearing chromites are single crystals.
The mechanism of complete post-sintering recrystallisation seems to be implausible, for the following reasons. Recrystallisation would be unlikely to completely remove all traces of the original internal grain boundaries. Subgrain boundaries, imaged by EBSD mapping (Fig. 7) , would be expected to show spatial relationship to the location of the silicate inclusions that mark the original pre-sintering grain boundary. This is not observed in the EBSD maps, which show that subgrain boundaries are deformation features related to external morphology, not to inclusions. Furthermore, the distance between two chromitite layers is only 10-20 cm, and hence, the two layers must have experienced essentially identical subliquidus cooling histories. Amoeboid grains are restricted to the lower chromite layer, while the population of small equant inclusion-free crystals is common to both layers. A sintering model fails to account for a restriction of inclusion-bearing grains to the lower chromitite layer only.
The sintering mechanism as proposed by (Hulbert and Von Gruenewaldt 1985) is driven essentially by interaction between chromite crystals and trapped intercumulus melt. Such interaction produces a very distinctive trend in chromite compositions, whereby Ti and Fe 3? increase as these components become enriched in the liquid, Ni increases in response to the increase in Fe 3? (Barnes and Kunilov 2000) , Mg/Fe decreases due to exchange with coexisting ferromagnesian silicates and Cr/Al increases in response to changing activity-composition relations in the spinel solid solution (Roeder and Campbell 1985) . This trend, commonly termed the ''Rum Trend'' (Barnes and Roeder 2001; Henderson and Wood 1981 ) is a characteristic feature of Critical Zone chromites (Naldrett et al. 2011a) and is seen in the trend from the lower to the upper chromite layer in this study (Table 1, Fig. 9 ). The upper chromite layer has evidently undergone more extensive reaction with trapped liquid than the lower layer, the opposite of what would be expected if the amoeboid chromites of the lower layer are the result of trapped liquid interactions. This constitutes further evidence against a sintering model.
In the absence of evidence for sintering, we interpret the EBSD, CSD, microprobe and grain shape data to indicate that the amoeboid inclusion-bearing chromites grew initially as single crystals at the liquidus. Critical to this interpretation is the observation that the amoeboid chromites have a distinctive combination of features: complex, embayed and convex morphologies; abundant inclusions; and internal deformation features that indicate the grains had attained their current complex morphologies while the crystal pile was still compacting. We interpret the grain morphologies in terms of two-stage growth involving an initial dendritic growth stage (Fig. 13c) . This hypothesis follows (Leblanc 1980) , who observed dendritic cores on orbicular chromite nodules from the Troodos ophiolite. He suggested that these nodular chromites had been remodified from skeletal to nodular habit and that silicate inclusions within chromite grains are a consequence of this mechanism.
Dendritic chromites are found in komatiites (Arndt et al. 1977; Barnes 1985; Dowling et al. 2004; Godel et al. 2012; Shore and Fowler 1999; Zhou and Kerrich 1992) and ophiolite complexes (Greenbaum 1977; Leblanc 1980) and contain polymineralic silicate assemblages in between the dendritic branches. Dendrites have been interpreted as a product of rapid cooling (Chalmers 1964) ; however, they are often found in plutonic rocks where cooling rates should have been slow (Donaldson 1982) . In such cases, dendritic morphologies are the result of rapid rates of crystal growth relative to diffusional supply of nutrients and are the consequence of sudden events that induce constitutional supercooling, such as pressure changes due to rapid volatile exsolution or eruption of magma from a chamber, catastrophic mixing events, or influx of hot magma against a cooler crystal pile.
We follow Cawthorn and Boerst (2006) , Naldrett et al. (2011b) and many other workers in interpreting the base of the Merensky unit, on a wide range of geological, isotopic and mineral chemistry evidence, as the influx of hot new magma at a major magmatic unconformity, across a floor of cooler and partially molten anorthosite. Such model is in agreement with the major element geochemistry presented in this study. Chromite saturation of Merensky reef magmas can be caused by mixing with resident magma or by contamination with partial melts derived from the underlying anorthosite (Ballhaus 1998; Ballhaus and Ryan 1995) . Saturation in chromite gave rise to a population of small euhedral grains (represented by the linear CSD) with a small number of dendritic grains arising from rapid cooling against the anorthosite. Periods of rapid growth from a small number of nuclei resulting in dendritic crystal growth are supported by kinked CSD curve for the lower chromitite layer. During subsequent crystallisation, these dendrites experienced modification of their morphology in an attempt to attain lower surface areas and greater textural equilibrium. This process gave rise to smooth grain boundaries, and necking off of original concavities to form inclusions of silicate melt. The textural maturation process took place over a range of temperatures but culminated close to the solidus, allowing chromite to incorporate pockets of highly differentiated, trapped intercumulus melt, accounting for the unusually evolved compositions of the inclusions (Ballhaus and Stumpfl 1986; Li et al. 2005) .
The origin of the two chromite layers from the Merensky Reef has been interpreted as a result of two different impulses of magma (Cawthorn and Boerst 2006) . The addition of the second pulse of magma, from which the upper chromitite layer crystallised, caused coarsening of the orthopyroxene in the coarse-grained melanorite and triggered textural re-equilibration of the lower chromite (Fig. 14b, b 1 ) , giving rise to the kinked crystal size Red lines in amoeboidal chromites schematically represent subgrain boundaries distribution curve for the lower chromitite grains. Electron microprobe data that show similar chemistry for the two populations of lower chromitite grains imply a two-stage crystallisation event rather than a process of mechanical mixing of the two chromite populations (Fig. 4b) . During prolonged cooling of the crystal pile following the magma influx event, modification of initially dendritic chromites occurred through a ripening process whereby those parts of the grains with the highest surface area dissolved while the more energetically stable surfaces grew (Fig. 14b 1 ) .
Previous microstructural work on silicates from Merensky Reef at Impala (Barnes and Maier 2002) and Rustenburg (Godel et al. 2006 ) and textural analysis on silicates from the transitional zone between Lower and Critical zone (Boorman et al. 2004 ) have been both interpreted in terms of compaction-related textural modification, accompanying buoyancy-driven expulsion of intercumulus melt. At this stage, the amoeboidal chromites started to accommodate strain through crystal plasticity (Fig. 14c) . Deformation was recorded selectively depending on the size and shape of the crystals (Figs. 12, 14c 1 and c 2 ). Larger irregular grains accommodated the strain by forming subgrain boundaries, while the small equant grains record minimal or no internal deformation. Crucially, the relationship of deformation microstructures with grain morphology is evidence that the amoeboidal chromites attained their irregular morphologies early in the solidification process, and not in the latest stages of solidification as required by sintering mechanisms. However, the highly evolved nature of the polymineralic silicate inclusions requires final entrapment close to the solidus. The evolution of the amoeboidal chromite grains therefore spans the temperature range from liquidus to solidus, consistent with our model for textural modification of original dendrites.
Conclusions
(1) Chromites in the lower chromite layer consist of two populations, one of equant regular grains showing linear homogenous crystal size distributions, and a second population of large ''amoeboid'' grains with highly embayed re-entrant morphologies and abundant composite silicate inclusions. The upper chromitite layer contains only the equant population and has somewhat chromite compositions indicative of more extensive reaction with trapped liquid than that recorded in the lower layer. (2) Electron backscatter diffraction analysis demonstrated that the amoeboid chromite crystals from the lower chromitite layer were single crystals and not amalgamations of several crystals. These chromites, but not the equant grain population, contain high temperature internal microstructures. Subgrain boundaries are interpreted as early magmatic deformation microstructures and are most likely due to the compaction and cooling of the magmatic column above the solidus temperature. (3) The relationship of deformation microstructures with chromite grain morphology is evidence that the amoeboidal chromites attained their irregular morphologies at the cumulus stage, but the evolved nature of the silicate inclusions requires entrapment close to the solidus. The amoeboidal chromite textures developed over the temperature range from liquidus to solidus. (4) Based on microstructural observations, chemical compositions and crystal size distribution curves, the origin of the inclusion-bearing chromites is unlikely to be due to amalgamation and sintering of originally separate multiple grains. It is more likely to be related to the modification of primary dendritic chromite morphologies, formed by rapid initial crystallisation in a thermal boundary layer between hot incoming magma and a cooler eroded crystal pile beneath, followed by textural maturation during solidification and compaction. The upper chromite layer was emplaced on a hotter substrate with no supercooling, and hence no dendrites. This accounts for the differences between the upper and lower chromite.
